We propose a method for the determination of optical frequencies in the near infrared that is based on the nonlinear generation of the optical sum and difference frequencies of two near-infrared lasers followed by the comparison of the sum and difference frequencies with standards in the visible and in the far infrared, respectively. We also address questions of practicability and discuss some examples open to the method.
The impressive stability exhibited by lasers locked to atomic and molecular standards has created a set of frequency fixed points, and some of these frequencies have been tied to the Cs-based definition of the second through the use of intricate frequency-transfer chains. Because of the complexity of such measurements, there is ample motivation both to exploit the standard frequencies already established by them and to find simpler frequency-measurement techniques applicable to general frequency targets. Here we highlight a method especially suitable for measuring optical frequencies in the near infrared. The basic idea is that, given two lasers of stable but unknown frequency, knowledge of the sum and the difference of their frequencies suffices to determine both unknown frequencies. For laser frequencies in the near infrared it is often possible t o arrange for both the sum frequency to lie sufficiently near a standard in the visible and the difference frequency to lie sufficiently near a standard in the far infrared for such a measurement to be performed. Furthermore, the required nonlinear processes of sum-and difference-frequency generation can be accomplished with adequate efficiency. We conclude with examples of possible frequency measurements near laser wavelengths of 1.338, 1.153, and 1.126 pm.
The method proposed here is an extension of the bisection method proposed by We start by assuming that v l and v2 are the frequencies of two stable lasers in the near infrared; of these, we treat one as the target frequency to be measured and the other as a free variable. If milliwatt beams from these two lasers are available, then the use of two separate nonlinear processes will permit the simultaneous creation of nanowatt beams of the op-
frequencies. The idea is to choose the free-variable near-infrared frequency such that both the sum and the difference frequencies fall at (or sufficiently near) standard optical frequencies previously measured with respect to the Cs-based standard. In general, the variation of only one free parameter would not allow two such matching conditions to be met, but here we take advantage of three levels of frequency flexibility. On the first level there is a growing list of well-known frequencies in the visible,6 with frequency spacings of the order of 20 THz, which can be compared with the sum frequency. On the second level there is a large list of lines of C02 lasers7 in the 25-33-THz range, with typical frequency spacing of the order of 20 GHz, which can be compared with the difference frequency. On the third level there is the ability to measure a heterodyne beat note of more than 400 GHz in the visible,8 and more than 30 GHz near CO, wavelength^,^ between a nonlinearly derived sum or difference frequency and a visible or COz-based standard. The result is that significant fractions of the near infrared are accessible to the proposed technique.
The easiest way to visualize the possibilities open to the method is to draw the two-dimensional vlv2 plane, in which (through the convention v 2 < v l ) the arena of interest is the lower 45" wedge of the first quadrant. In the plane, lines of slope -1 represent the loci of constant sum frequency; lines of slope +1, the loci of constant difference frequency. Apart from the need for visible and far-infrared standards for comparison, this method requires ways to generate adequate power levels a t the sum and the difference frequencies to be heterodyned against those standards. The nonlinear processes used will Fig. 2 ; the temperatures required are feasible (and will differ somewhat if congruently melting, or MgO-doped, material is used). For generating the difference frequency the nonlinear material must be transparent beyond 10 pm; one attractive possibility is silver selenogallate" (AgGaSe2). Its dispersion curves12 give the room-temperature phase-matching locus for noncritically phase-matched difference-frequency generation (for the e -o -o process) shown in Fig. 2 .
The extent to which AgGaSe2 can be temperature tuned is not yet known; angle tuning of the material The most obvious method is to illuminate the nonlinear material with input beams at frequencies vl and v2 and to extract the output beam at vd. This beam, and one from a C02 laser, can then illuminate a far-infrared photodetector to generate the beat signal. An alternative method is to use the nonlinear material as a n upconverter, illuminating it with frequency v2 and a beam from the C02 laser, to produce an output vUp = v2 + V C O~; this output can be combined with the beam of frequency vl to form a beat note on a photodetector sensitive in the near infrared (where detectors of greater sensitivity and bandwidth are available). The phase-matching conditions and the polarization requirements on the nonlinear material are the same for the two alternatives.
One of the attractions of the proposed method is that the only use made of the sum and the difference frequencies is to compare them by direct heterodyning with reference lasers in the visible and the far infrared. Given the power available from visible and C02 standards serving as local oscillators, the generation of very modest powers at the sum and the difference frequencies will suffice to give adequate beat signals a t the detectors. For example, sumfrequency generation16 in a 5-cm crystal of LiNb03 with two 10-mW input beams will give a n output power of the order of 10 nW, when combined on a photodetector with a visible-standard beam of power 100 pW, this output will generate a beat note with a signal-to-noise ratio16 of approximately 48 dB in a bandwidth of 100 kHz. Similarly, even angle-tuned upconversion in a 0.5-cm-long sample of proustite" is efficient enough that a 10-mW beam at v2, combined with a C02 beam of 100 mW/mm2, will give an upconverted output of the order of 10 nW; when combined on a photodetector with a 10-mW beam at frequency vl, this output suffices to give a signal-to-noise ratio of 52 dB in the same bandwidth. Such beat-note signal strengths are sufficient to permit tight phase locking of the lasers at frequencies v1 and v2 to the visible and C02 standards, if desired. Thus there is no need to create new transfer-standard oscillators at the sum and the difference frequencies. Another example is a remeasurement of the 1.153-pm He-Ne laser frequency (whose second harmonic, stabilized by absorption in iodine, has already provided a 520-THz standard in the visible). 
